The identification and cloning of full-length homologs of circadian clock genes from Picea abies represent a first step to study the function and evolution of the circadian clock in gymnosperms. Phylogenetic analyses suggest that the sequences of key circadian clock genes are conserved between angiosperms and gymnosperms. though fewer homologous copies were found for most gene families in P. abies. We detected diurnal cycling of circadian clock genes in P. abies using quantitative real-time PCR; however, cycling appeared to be rapidly dampened under freerunning conditions. Given the unexpected absence of transcriptional cycling during constant conditions, we employed a complementary method to assay circadian rhythmic outputs and measured delayed fluorescence in seedlings of Norway spruce. Neither of the two approaches to study circadian rhythms in Norway spruce could detect robust $24 h cycling behavior under constant conditions. These data suggest gene conservation but fundamental differences in clock function between gymnosperms and other plant taxa.
Introduction
The ability to anticipate daily rhythms is crucial to many plant species. This requires an endogenous temporal oscillator, i.e. a self-sustained rhythm, to time physiological and developmental processes in anticipation of coming changes in, for example, light and temperature. Most species have thus evolved a circadian clock with a period of around 24 h, and data suggest that circadian rhythms are important for fitness (Dodd et al. 2005) . Definitions of circadian rhythms include that the rhythms must be self-sustained so that they persist despite a lack of external time cues (e.g. in constant light and temperature conditions), are entrainable by zeitgebers and that they remain largely constant under a range of temperature conditions (Covington et al. 1998 , Johnson et al. 1998 , Harmer et al. 2001 , McClung 2009 .
A circadian clock is also coupled to photoperiodic responses, where interaction between external light and the endogenous rhythm is used to measure photoperiod (Thomas 1998) . In plants, photoperiodic responses are important for several developmental processes including timing of reproduction and control of growth phenology. Again, a correct timing is important for plant adaptation, and failure of synchronization with the environment can have a negative effect on fitness. Accordingly, genes in the circadian clock have been shown to be important for adaptation to local conditions in several plant species (Michael et al. 2003 , Dodd et al. 2005 , Jones et al. 2008 .
In conifers as well as other temperate trees, photoperiod has a strong impact on the annual growth cycle (Ekberg et al. 2010) . Typically, shorter days in the autumn induce growth cessation and bud set. The responses to photoperiod often show strong latitudinal clines, in particular at high latitudes, indicating strong selective forces acting through photoperiodic response. In Picea abies, the critical night length displays a steep cline from about 2 h at latitude 67 N, to 7 h at latitude 45 N (Ekberg et al. 2010) . Despite the importance of photoperiodic responses in conifers, limited information is available on the mechanisms controlling these responses. It is noteworthy that a recent study of sequence variation of putative conifer circadian clock genes in spruce showed that variation at some of these genes has been shaped by local adaptation to photoperiod (Chen et al. 2012) .
Most of our knowledge of the molecular components of the circadian clock comes from the model organism Arabidopsis thaliana. The circadian clock in Arabidopsis is best viewed as a complex network including many genes Kay 2001, Hanano et al. 2008 ), but at its core the clock consists of interconnected feedback loops with a limited set of known components (Wang et al. 1997 , Dodd et al. 2005 , Holm et al. 2010 , Nagel and Kay 2012 . Mathematical modeling and experimental data suggest the existence of connected morning and evening oscillators. The morning oscillator consists of the closely related MYB transcription factors CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) that positively regulate the PSEUDO RESPONSE REGULATORS 7 and 9 which in turn repress CCA1 and LHY transcription (Covington et al. 1998 , Johnson et al. 1998 , Alabadí et al. 2001 , Harmer et al. 2001 , Farré et al. 2005 , McClung, 2009 , Nakamichi et al. 2010 . The evening loop includes GIGANTEA (GI) and TIMING OF CAB EXPRESSION 1 (TOC1), and recent data also incorporate an evening complex (EC) consisting of LUX ARRHYTHMO (LUX), EARLY FLOWERING 3 (ELF3) and EARLY FLOWERING 4 (ELF4) (Thomas 1998 , Kim et al. 2003 , Michael et al. 2003 , Dodd et al. 2005 , Jones et al. 2008 , Holm et al. 2010 . The EC binds different target genes, such as TOC1, GI, PRR9 and LUX, and represses their expression (Ekberg et al. 2010 , Schumann et al. 2011 . The GI protein is hypothesized to down-regulate the EC, causing expression of EC target genes to increase since inhibition from the EC is released, implicating an indirect positive regulation by GI on evening expressed genes such as TOC1. Previously, TOC1 was thought indirectly to induce the expression of CCA1 and LHY, thus connecting the morning and evening loops, but Huang et al. (2012) showed that TOC1 functions rather as a general repressor of several clock genes and thus prevents activation of morning loop genes (Gendron et al. 2012) .
Comparative studies have revealed a large degree of conservation of key circadian clock genes among monocotyledons and dicotyledons (Hazen et al. 2005 , Onai and Ishiura 2005 , Murakami et al. 2006 , Ekberg et al. 2010 , Holm et al. 2010 , Dai et al. 2011 and to some extent also among distant taxa such as the moss Physcomitrella patens (Alabadí et al. 2001 , Holm et al. 2010 , Chen et al. 2012 , Karlgren et al. 2013 . The identification of circadian clock genes in common across the plant kingdom can provide important insights into the evolution of developmental processes controlled by photoperiod and diurnally controlled processes (Matsushika et al. 2000 , Hanano et al. 2008 , Karlgren et al. 2013 ).
In addition, comparative studies can identify evolutionary novelties as exemplified by the evolutionary history of the Physcomitrella clock where the clock components GI, ZEITLUPE (ZTL) and TOC1 are missing , Holm et al. 2010 , Rugnone et al. 2013 . Homologs of the GI protein seem also to be absent in Chlamydomonas and animals (Lumsden and Millar 1998 , Mizoguchi et al. 2005 , Holm et al. 2010 and are thus possibly confined to higher plants, where they have important roles in, for example, shaping circadian rhythms and in temperature compensation (Oberschmidt et al. 1994 , Park et al. 1999 , Mizoguchi et al. 2005 .
To date, most plant model organisms are angiosperms, with the exception of Physcomitrella and Selaginella. As an important step to investigate gymnosperm circadian clock mechanisms and their evolution, we identified putative conifer full-length homologs of angiosperm core circadian clock genes based on current spruce expressed sequence tag (EST) databases and studied phylogenetic relationships and expression patterns under different light regimes. As a means to identify a circadian output phenotype, we also applied a method based on delayed fluorescence (Burgerstein 1900 , Gould et al. 2009 ).
Results

Identification of conifer clock gene homologs
Homologs to core clock genes as describes by Pokhilko et al. (2012) were. Using blast searches against spruce EST databases, we identified putative homologs of PSEUDO-RESPONSE REGULATOR (PRR) genes including TOC1, LATE ELONGATED LHY/CCA1, GI, ZTL, ELF4 and LUX. None of the spruce ESTs was a full-length gene since the conifer EST databases mainly contain 3 0 -reads and fewer 5 0 -reads. We used rapid amplification of cDNA ends (RACE) reactions to identify the full-length gene in each case. The identified full-length spruce genes were aligned against homologs from other species (Supplementary fig. 1 , Supplementary table 1), and used to investigate the phylogenetic relationships among plant taxa. Searches for additional copies of the identified genes in the recently published Norway spruce draft genome (Nystedt et al. 2013 ) did not reveal any new genes.
CCA1 and LHY are closely related transcription factors regulating circadian rhythms and contain a single Myb domain at the N-terminal end. We obtained three sequences in the spruce EST databases that gave a significant hit to the Arabidopsis CCA1/LHY Myb domain. Only one transcript showed cycling behavior under photoperiod: PaCCA1, which encodes 4a 731 amino acid protein. The other two ESTs did not cycle and encode a much shorter peptide (81 amino acids) than CCA1/ LHY and were thus excluded from further analysis. The PaCCA1 gene shows 77% and 84% similarity to the Arabidopsis CCA1 and LHY genes across the Myb domain. Phylogenetic reconstruction suggests that PaCCA1 shares a common ancestor with CCA1/LHY in angiosperms (Fig. 1A) .
The promoter sequence of PaCCA1 contains a HUD motif (C ACATG) that recently was shown to be a binding site for TOC1 in Arabidopsis and a cis-element (G-box; CACGTGKM) that are enriched in TOC1-regulated genes (Gendron et al. 2012) .
PRR genes contain an N-terminal pseudo-receiver domain and a C-terminal CCT (CONSTANS, CONSTANS-LIKE and TOC1) domain. The small gene family contains five genes in Arabidopsis: PRR1 (TOC1), PRR3, PRR5, PRR7 and PRR9. Previous phylogenetic analyses in angiosperms suggest that this family is divided into three clades (PRR1, PRR3/7 and PRR5/9) that diverged before the separation of monocots and eudicots, of which PRR1/TOC1 are suggested to be ancestral (Satbhai et al. 2010 , Takata et al. 2010 ). All the Arabidopsis PRR genes are involved in the circadian clock Millar 2003, Farré et al. 2005) .
We identified three conifer homologs: PaPRR1, PaPRR3 and PaPRR7. The PaPRR1 gene encodes a 564 amino acid protein with 65% (REC domain) and 79% (CCT domain) identity to PRR1. The predicted PaPRR3 protein is 890 amino acids with 68% (REC domain) and 81% (CCT domain) identity to the Arabidopsis PRR3 protein, while the PaPRR7 gene encodes an 814 amino acid protein with 76% (REC domain) and 95% (CCT domain) identity to PRR7. The phylogenetic positions of the conifer PRR genes suggest that the PaPRR1 gene is an ortholog of angiosperm PRR1 (TOC1) while PaPRR3 and PaPRR7 both cluster with angiosperm PRR3/7 genes (Fig. 1B) . A comparison of identities in the REC and CCT domains suggests that PaPRR3 and PaPRR7 are more similar to angiosperm PRR3/7 than to PRR5/9 (Supplementary table 2). Blast searches using the five Arabidopsis PRR genes as queries against the Pinus taeda genome, v. 0.6 (http://dendrome.ucdavis.edu/resources/ databases/) resulted in three significant hits, strengthening the view that conifers have only three PRR genes.
A putative conserved binding site motif for PaCCA1 was found in the promoter of the PaPRR1 gene. The motif in PaPRR1 (AAAAATCT) is similar to the evening element (EE) present in TOC1 and other cycling genes (AAAATATCT; Wang et al. 1997) . As CCA1 was shown to bind the EE and negatively regulate TOC1 in Arabidopsis (Alabadí et al. 2001 ), a similar interaction is possible between P. abies homologs. Transcriptional repressor activity of PRR5, PRR7 and PRR9 on CCA1 and LHY has recently been shown (Nakamichi et al. 2010) . A conserved motif was found to be sufficient for repressor activity and the molecular mechanism includes the protein TOPLESS and histone deacetylase activity to repress transcription and alter the circadian period (Wang et al. 2013) . The required conserved repression motif contains an EAR (ethylene-responsive element binding factor-associated amphiphilic repression) motif (LxLxL) that can also be found in PaPRR1, PaPRR3 and PaPRR7 (Supplementary fig. 2 ).
The GI gene encodes a nuclear protein without known domains. One conifer homolog was identified: PaGI, encoding a 1,179 amino acid protein with 58% identity to the Arabidopsis GI protein. One GI copy is found in most species, including Selaginella, but no homolog is found in the moss Physcomitrella (Holm et al. 2010) . The PaGI gene is basal to angiosperm GI genes (Fig. 1C) .
The ZTL gene contains three main domains: an N-terminal Per-Arnt-Sim/Light, oxygen or voltage (PAS/LOV) domain including a terminal PAS-associated, C-terminal (PAC) domain, a central F-box and a C-terminal domain consisting of Kelch repeats. Although the Arabidopsis ZTL mRNA is constitutively expressed, the protein levels are under circadian control (Kim et al. 2003) . The Arabidopsis genome contains three members of this small gene family: ZTL, FLAVIN-BINDING KELCH F-BOX1 (FKF1) and LOV KELCH PROTEIN2 (LKP2). Among conifer ESTs, we could identify one gene with strong homology: PaZTL with 78% identity to the Arabidopsis ZTL (83, 85 and 85% identity for the PAS/LOV, F-box and Kelch repeat domains, respectively). The PaZTL cDNA encodes a 621 amino acid protein. The spruce gene clusters with angiosperm ZTL genes, while FKF1/LKP2-like genes were not detected in gymnosperm or lycophytes, indicating that FKF1 might be exclusive to angiosperms. This is in accordance with previous results (Ekberg et al. 2010 , Schumann et al. 2011 (Fig. 1D) .
We could not retrieve any significant ELF3 hit either in EST databases or in the conifer genomes P. taeda genome v.0.6 and P. abies. The best blastx hit was against the genome assembly and had an e-value of 2e-07 and score of 64.3, and encoded a putative protein of 260 amino acids, while the Arabidopsis protein is 695 amino acids. The putative conifer protein does not contain any of the proline-rich, threonine-rich, glutamine-rich regions or the nuclear targeting signal that has been described for the Arabidopsis ELF3 gene (Hicks et al. 2001 , Karlgren et al. 2013 ) and as we could not find the same sequence in ESTs from conifers it is perhaps not very likely that the identified part of the genome assembly corresponds to an expressed gene.
One putative spruce homolog of ELF4 was retrieved: PaELF4. The PaELF4 cDNA encodes a 119 amino acid protein containing a domain of unknown function (DUF) 1313 domain with 51% identity to the DUF 1313 domain in the Arabidopsis ELF4 gene. The phylogenetic position of PaELF4 suggests that it belongs rather to a sister lineage to angiosperm ELF4 (Fig. 1E) . The biological functions of ELF4-L1-4 are currently unknown.
The Arabidopsis LUX gene had one putative spruce homolog: PaLUX encoding a 274 amino acid protein. The myb-SHAQKYF domain of PaLUX had 98% identity to AtLUX. The phylogenetic tree reveals three major clades. Angiosperm genes are present in two clades, and PaLUX clusters with the Selaginella gene, Selmo1_36646, Os05g0412000, POPTR_0016s03240 and POPTR_0006s03340 rather than the clade containing LUX (Fig. 1F) . Among myb-SHAQKYF genes, only three genes [AtLUX, At5g59570 and PCL1 (Os01g0971800)] have been shown to be circadian clock genes (Hazen et al. 2005 , Onai and Ishiura 2005 , Dai et al. 2011 . Whether genes in the clade with PaLUX are circadian clock genes is currently unknown. Conifer homologs to most but not all Arabidopsis circadian clock genes could thus be identified (Supplementary  table 3 ).
Expression patterns of spruce clock homologs
We investigated the temporal expression patterns of the identified spruce homologs of Arabidopsis circadian clock genes, using RNA samples from needles of seedlings. Expression patterns were studied under long-day (LD) conditions with 19 h light and 5 h darkness, short-day (SD) conditions with 8 h light and 16 h darkness, constant darkness (DD) and constant light (LL). DD and LL was studied after entrainment in a 12 h light and 12 h darkness regime. Under SD conditions, a distinct cycling expression pattern was observed for all the studied genes except for the constitutive expression of PaZTL (Figs. 2,  3 ). This further supports that PaZTL is a homolog of angiosperm ZTL/LKP2 rather than FKF1. Angiosperm ZTL and LKP2 also show constitutive expression, while FKF1 shows diurnal and circadian expression rhythms.
In LD conditions, the amplitude of the expression profiles was lower for all studied genes as compared with SD and 12 : 12 h photoperiods (Figs. 2-4) . Hence, there was a strong effect of photoperiod on the rhythmic expression of transcript levels of spruce homologs. Diurnal cycling of spruce clock genes was also detected in adult trees under natural light conditions (Supplementary fig. 3 ). Of the studied genes, PaCCA1 was the only one displaying peak expression during the dark period, a pattern similar to that observed in angiosperms. Furthermore, the expression phases of PaPRR1, PaPRR3 and PaPRR7 were largely opposite to that of PaCCA1, in line with what has been observed for the angiosperm LHY/CCA1 and PRR genes (Alabadí et al. 2001) . The transcript abundance of PaGI showed marked cycling with steady accumulation during the light period and peak expression at dusk, in accordance with angiosperm GI expression (Fig. 2) .
The expression patterns of PaELF4 and PaLUX were diurnal with low amplitude in SD conditions, while a clear rhythm was not obvious in LD conditions (Fig. 3) .
In order to test for the light response function of the putative spruce clock genes, trees were grown in a 12 h light/12 h dark photoperiod for 3 d before transfer to constant dark conditions at dusk. Replicate samples were subjected once to a 1 h light exposure at 4 h intervals. Gene expression of the clock genes was measured before and after the 1 h light exposure (Fig. 5) . From these data we can conclude that none of the investigated genes showed a noticeable photo-induction following light exposure at any time.
We studied the expression patterns during LL and DD conditions for PaGI, PaCCA1, PaPRR1 and PaPRR7. These genes display a clear diurnal rhythm, and represent homologs to the genes in the morning and evening loops of the recently proposed repressilator model of the circadian clock in Arabidopsis . Despite the robust cycling observed for these genes under SD and 12 : 12 h photoperiods, a surprising lack of rhythm was observed when entrained plants were transferred to either LL or DD conditions (Fig. 4) . Assuming that the assayed genes are part of the P. abies core clock, these experiments indicate that the circadian rhythm is rapidly dampened under free-running conditions.
Delayed fluorescence does not detect a circadian rhythm in spruce
In an attempt to capture circadian behavior in clock outputs, we also monitored delayed fluorescence (DF) over time in several individual spruce samples. DF refers to the extremely weak light emitted in the dark by pre-illuminated photosynthetic tissue, and it has been shown to be under circadian control in a number of plant species (Gould et al. 2009 ). DF was measured in LL and, in order to simulate a response to DD, we used a low-light regime resembling a skeleton photoperiod with minimal light pulses every hour to excite the photosynthetic tissue (see the Materials and Methods for details). While not constituting a DD light regime proper, we refer to it as low light DF in the following discussion. However, no rhythm with an approximate 24 h period could be detected in the gymnosperm P. abies in the DF assay. In both LL and low light conditions (see the Materials and Methods for details), P. abies DF data indicated an ultradian rather than a circadian rhythm, with a period around 2-3 h (Fig. 6) . For comparison, we also analyzed samples from other plant species with a documented circadian rhythm in the same LL and low light regimes. For samples of the moss Physcomitrella patens, a circadian rhythm was observed in low light but not in LL, which is consistent with gene expression patterns of P. patens clock genes ( Fig. 6; Holm et al. 2010) . For samples of Capsella bursa-pastoris seedlings, a robust circadian rhythm was observed in LL, and for Hordeum vulgare leaves, a robust rhythm with an $24 h period was observed using our low light regime (Fig. 6 ). In conclusion, these results suggest that either PSII activity (Gould et al. 2009 , and references therein) in spruce is not coupled to the circadian clock under constant conditions or the spruce circadian clock does not show a robust rhythm in constant conditions. In summary, homologs to most of the key circadian clock genes of Arabidopsis were identified in Norway spruce, but fewer gene family members were generally observed. The transcript abundance of all genes except PaZTL showed diurnal cycling. Under constant conditions, the cycling was rapidly dampened, unlike for angiosperm clock genes. Finally, assays of circadian output based on DF did not detect a circadian rhythm.
Discussion
Gymnosperms comprise a similar set of circadian clock genes to angiosperms
We could identify conifer homologs to several plant circadian clock genes and conclude that these genes are conserved at the sequence level between angiosperms and gymnosperms. However, we found fewer spruce genes within most gene families, which suggests that the existence of larger gene families in angiosperms is due to duplications within the angiosperm lineage. The sequenced genomes of Physcomitrella and Selaginella allow for comparison with bryophytes and lycophytes as representatives of non-seed plants. The Selaginella genome contains a similar number of putative clock genes to spruce: one homolog each of GI, ZTL and CCA1/LHY genes and three PRR homologs. Among the three Selaginella PRR genes, one clusters with the PRR1 (TOC1) group together with the spruce gene PaPRR1. Physcomitrella lacks homologs to GI, ZTL and, most probably TOC1, but contains two CCA1 and four PRR gene homologs (Holm et al. 2010 ). The GI, ZTL and TOC1 functions might thus represent novelties among vascular plants. It should be noted that a ZTL copy has been annotated in Ostreococcus tauri ) though this gene lacks the important PAS/LOV domain and might thus represent an ancestor to plant ZTL genes. In Physcomitrella, the two CCA1 and four PRR genes, respectively, seem to be closely related and probably represent duplications within the Physcomitrella lineage (Holm et al. 2010 ). In summary, analyses of sequence data suggest that most of the core circadian clock components present in the angiosperms were present already in lycophytes and gymnosperms. Further, functional studies of spruce circadian clock genes suggest that the protein function of theses clock components are partly conserved (Karlgren et al. 2013 ). However, we could not detect any quick light response of any of these clock components as shown for APRR9 (Matsushika et al. 2000) . Genes that are induced by light during the night have been shown to be enriched for clock genes (Rugnone et al. 2013) . 
Circadian rhythms in Picea abies are rapidly dampened
In light of these findings, the most surprising observation in the present study was a lack of detectable circadian rhythm for the putative circadian clock genes in spruce grown in constant conditions. Also, no evidence for a circadian rhythm in potential clock outputs was detected. The output of the circadian clock in Arabidopsis is often studied using leaf movement assays (Lumsden and Millar 1998) . One study of needle movement in conifers has been reported, but the amplitude of the presumed circadian rhythm was small and the period length deviated greatly from the expected $24 h rhythm under constant conditions , and should perhaps not be viewed as strong evidence of a circadian rhythm. We attempted to repeat the above experiment and trace needle movements in Norway spruce seedlings; however, we were unsuccessful and could not detect any such movements. Previous expression studies of putative circadian-regulated genes in gymnosperms have also generally suggested a lack of circadian rhythm . In particular, studies of genes related to photosynthesis, such as genes coding for lightharvesting complex proteins (Lhcs), show constant levels in most gymnosperm species, despite their circadian regulation in angiosperms, as well as in algae, moss and fern (Oberschmidt et al. 1994) .
A persistent circadian rhythm might not be essential in gymnosperms
In contrast to most other plant species, gymnosperms are able to synthesize Chl in the dark (Burgerstein 1900) . Thus, there is no apparent need to predict dusk and dawn for Chl biosynthesis in gymnosperms. In angiosperms, correct anticipation of dusk and dawn via the circadian clock enhances photosynthesis and increases Chl content, which allow plants to fix more carbon and grow faster, and thereby convey a fitness advantage (Thomas 1998 , Dodd et al. 2005 . If regulation of photosynthesis in anticipation of dawn and dusk is one of the major selective forces to maintain a strong circadian rhythm in plants, the different regulation of Chl biosynthesis in gymnosperms might explain the lack of strong circadian rhythms in P. abies.
Still, gymnosperms including P. abies show a strong photoperiodic response, in particular in the control of growth cessation and build up of dormancy and frost tolerance (Heide, 1974 , Christersson 1978 , Michael et al. 2003 , Dodd et al. 2005 , Jones et al. 2008 ). This response requires some sort of time measurement and, even though no circadian rhythm was observed for P. abies clock genes, they generally show strong diurnal cycling especially under shorter photoperiods.
The apparent rapid dampening of cycling in the transcript abundance of spruce clock genes in constant conditions would be compatible with an hourglass model of photoperiodism. The hourglass model states that a gradual accumulation of a product above a certain threshold will trigger a physiological response. The hourglass model is not dependent on an endogenous timekeeper; instead the process is reset each day by the light cycle (Rensing et al. 2001 , Ekberg et al. 2010 .
However, night break experiments support that photoperiodic control of budset in Norway spruce involves a circadian rhythm of light sensitivity with an $24 h period in line with the external coincidence model (Clapham et al. 2001 , Ekberg et al. 2010 . These experiments were conducted using a night break technique with an extended dark period. During the extended 40 h night, two peaks of higher sensitivity to a night break with an $24 h spacing were observed. These results suggest that a circadian rhythm persists for at least 24 h in darkness. Such a rhythm was not evident in the present study, either for mRNA levels of clock genes or for outputs related to photosynthetic activity, but it does not rule out a weak transcriptional rhythm or a rhythm at the protein level for some outputs of the circadian clock in P. abies. Such a circadian rhythm without transcription has been reported for cyanobacteria , Tomita et al. 2005 . A rapidly dampened circadian clock has been proposed to explain photoperiodic responses in several insect species , Saunders 2011 , Chen et al. 2012 . Fig. 6 Analysis of delayed fluorescence does not reveal a circadian rhythm in Picea abies. The plots represent normalized averages for DF of 6-25 samples. Picea abies seedlings (A, n = 8; B, n = 6), P. patens protonema culture (C, n = 8; D, n = 6), C. bursa-pastoris seedlings (E, n = 6) and detached H. vulgare leaves (F, n = 25) were entrained under 12 h light/12 h dark cycles before transferring to constant RB light (A, C, E) or incubated in constant darkness for 48 h before transferring to the constant low light measurement regime (B, D, F). Error bars indicate the standard error.
Although regulation of transcription constitutes an important basis for circadian rhythms, recent data show that circadian timekeeping can sometimes be sustained in the absence of transcription , Hanano et al. 2008 , Hastings et al. 2008 , O'Neill et al. 2011 , Nagel and Kay 2012 . It is thus possible that an unknown post-translational rhythm in P. abies could be important for various circadian output pathways, including the observed circadian regulation of budset in night break experiments (Clapham et al. 2001 .
Possible reasons for rapid dampening of circadian rhythms in P. abies Wenden et al. (2012) showed that circadian rhythms of individual cells of Arabidopsis leaves are not as strongly coupled as in animal cells. Weak intercellular coupling resulted in desynchronization and spatiotemporal waves of gene expression in leaves grown in constant conditions. That the desynchronization between noisy oscillation in single cells can explain dampened oscillations was also recently shown for Arabidopsis by including stochasticity in clock models (Murakami et al. 2006 , Guerriero et al. 2012 . The lack of obvious circadian gene expression rhythms in Norway spruce needles could partly be due to a weaker coupling of individual cell clocks, but the apparently very rapid dampening within 24 h is not easily explained by decoupled and desynchronized cell clocks.
An alternative reason for the lack of strong circadian rhythms in Norway spruce could be differences in components of the core clock. A potentially important difference between gymnosperm and angiosperm clocks is the apparent lack of homologs to ELF3 in gymnosperms. ELF3 is part of the EC that is required to maintain a circadian rhythm in Arabidopsis. Mutations in any of the EC genes (ELF3, ELF4 or LUX) results in arrhythmia or comprised rhythmicity in both LL and DD (McWatters et al. 2000 , Covington et al. 2001 , Doyle et al. 2002 , Holm et al. 2010 , Herrero et al. 2012 ). In the case of elf3 and lux mutants, rhythm is retained under DD conditions and absent under LL conditions (Hicks et al. 1996 , Hazen et al. 2005 . Until a high quality genome of a conifer exists, it is still premature to exclude the possibility of a conifer ELF3 gene, but the apparent absence of conifer homologs of ELF3 proteins provides a plausible hypothesis to explain the weak circadian rhythm in conifers. ELF3 genes have been reported in P. patens and S. moellendorffi and might thus have been lost in the gymnosperm lineage (Holm et al. 2010) .
Ultradian rhythms of delayed fluorescence
Analyses of DF of P. abies seedlings suggested an ultradian rather than a circadian rhythm of photosynthetic activity. Ultradian rhythms have been observed in several plants species, affecting, for example, stomatal conductance. These synchronized oscillations are often accompanied by rhythmic photosynthetic CO 2 uptake, and may be initiated by, for example, abrupt changes in water status or light (Naidoo and Von Willert 1994 , Siebke and Weis 1995 , Mizoguchi et al. 2005 , Holm et al. 2010 . Such mechanisms might result in an ultradian DF rhythm in P. abies.
Conclusions
Although the spruce circadian clock seems to consist of fewer components than the angiosperm clock, probably due to duplication events among angiosperms, homologs to several core clock genes are present in gymnosperms. Several of these homologs display robust diurnal cycling in mRNA levels, but show rapid dampening in free-running conditions. The rapid dampening suggests that a strong circadian rhythm is not crucial in gymnosperms, possibly an effect of a limited need to anticipate dawn and dusk. As conifers can produce Chl in the dark, timing is probably of less importance. The strong photoperiodic response observed in conifers probably does not require a persistent circadian rhythm. Also, conifers might lack an ELF3 homolog, which is a vital component in the angiosperm circadian clock to sustain rhythm in constant conditions. Further functional studies are needed to elucidate the clockwork of gymnosperms, and its role in the control of diurnal processes and photoperiodic responses.
Materials and Methods
Plant material and growth conditions
The starting material was seeds collected from a Romanian population of P. abies trees growing in the eastern Carpathians at about 750 m above sea level, latitude 46 30 0 , longitude 26
. Seedlings were raised in a phytotron under continuous light from metal halogen lamps at 250 mmol m À2 s
À1
(400-700 nm) with a ratio of irradiances at 660 and 730 nm [red : far-red (R : FR)] of 2.0, at 20 C (400-700 nm) with a ratio of irradiances at 660 and 730 nm (R : FR) of 2.0, at 20 C for 8-10 weeks before experiments were conducted. The plants were grown in 8.5Â6 cm pots, four plants to a pot, in a mixture of peat and coarse sand, with watering every 1-2 d from a weak complete nutrient solution after Ingestad (1979) , giving 100 mg N l Cloning full-length cDNAs using RACE reactions Spruce ESTs for putative conifer circadian clock genes were identified using tblastn searches with Arabidopsis genes as queries at PlantGDB (http://www.plantgdb.org/). Sequencespecific primers were designed for 5 0 -and 3 0 -RACE reactions based on partial ESTs. 5 0 and 3 0 cDNA libraries were prepared using the SMART RACE-PCR kit (Clontech) according to the manufacturer's protocols. cDNA libraries were prepared from a mix of mRNAs taken from a photoperiodic time series. PCRs were performed using the proofreading Phusion TM DNA polymerase (Finnzyme). The resulting PCR fragments were blunt end cloned using a Zero Blunt Õ TOPO Õ PCR Cloning Kit (Invitrogen) and One Shot Õ TOP10 Chemically Competent Escherichia coli (Invitrogen) according to the manufacturer's instructions. Plasmids were isolated using a QIAprep Spin MiniPrep Kit (Qiagen) and subsequently sequenced at Macrogen Inc.
The promoter sequences of PaCCA1 and PaPRR1 were isolated using the Genome Walker Kit (Clontech) following the manufacturer's instructions.
Sequence analysis and phylogenetic reconstruction
Blast searches for plant homologs were done using the following plant genomes: A. thaliana, Populus trichocarpa, Oryza sativa, Mesembryanthemum cristallinum, Castanea sativa, S. moellendorffii and P. patens (Supplementary table 1) . Homologs were identified using tblastn searches with Arabidopsis genes as queries against databases at JGI (http:// www.jgi.doe.gov/) and NCBI (http://ncbi.nlm.nih.gov/). Conserved domains were identified using the Prosite database (http://prosite.expasy.org/). Predicted amino acid sequences of the spruce genes and homologous genes were aligned using Clustal W (Thompson et al. 1994 , Park et al. 1999 , Mizoguchi et al. 2005 ) and visualized by Boxshade 3.31 (http://www.ch.embnet.org/software/BOX_form.html). Phylogenetic reconstructions were done using PhyML 3.0 (Gould et al. 2009 , Guindon et al. 2010 and finally visualized by FigTree 1.2.3 (http://tree.bio.ed.ac.uk/software/figtree/). In all cases except for PRRs, the complete sequences were used in the analysis. For PRRs, the pseudo-receiver (REC) domain and the CONSTANS, CO-like and TOC1 (CCT) domain were used.
Spruce RNA isolation and real-time PCR (RT-PCR)
Total RNA was isolated from needles following the protocol described previously (Azevedo et al. 2003 , Nystedt et al. 2013 with minor modifications. Needles were extracted from a pool of four plants. cDNAs were synthesized from 0.5 mg of total RNA using Superscript III reverse transcriptase and random hexamer primers. cDNAs were diluted 1 : 100 and 5 ml were used in duplicate quantitative assays using SYBR Green master mix (Molecular Probes) with an ABI 7000 system according to the manufacturer's protocol. Primers (Supplementary table 4) for RT-PCR were designed to span introns. Expression values were calculated as ÁCT values (CT control -CT target ) using polyubiquitin as the endogenous control gene.
Delayed fluorescence
DF measurements were performed on 8-week-old spruce seedlings from a northern (67 N) and a southern (47 N) population. The imaging system for monitoring delayed fluorescence in living plant tissue was identical to a system used for luciferase imaging (see Gould et al. 2009 for a detailed description). Briefly, the system consisted of a 16-bit low light CCD camera cooled to À80
C with a high-transmission lens inserted through the top of a programmable incubator. The light source in the cabinet consisted of a red and blue light-emitting diode array (35 mmol m À2 s
À1
). In LL, DF images were captured once every hour immediately following lights off using a 1 min exposure. For the low light DF assay, the light source was instead turned on for 3 min to excite PSII, and directly followed by lights off and a 1 min exposure once every hour. Fluctuations in DF were traced for 5-7 d. All samples measured in low light were previously incubated in DD for 48 h at 22 C (n = 6, 3 northern and 3 southern), whereas plants measured in LL were grown in 12 h light/12 h dark cycles at 22 C (n = 8, 4 northern and 4 southern) for 7 d before measurement. Time series image captures were normalized against background intensities and detrended using the BRASS 3.0 software (Locke et al. 2005 , Satbhai et al. 2010 , Takata et al. 2010 ) to give final measurements. All experiments and data analyses were performed at the School of Biological Sciences at the University of Liverpool.
Supplementary data
Supplementary data are available at PCP online. 
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